Abstract: Biological systems are characterized by directional and precisely controlled flow of matter and information along with the maintenance of their structural patterns. This is possible thanks to sequential transformations of information, energy and structure carried out by molecular machines. The new perception of biological systems, including their mechanical aspects, requires the implementation of tools and approaches previously developed for engineering sciences. In this review paper, a biological system is presented in a new perspective as an ensemble of coordinated molecular devices functioning in the limited space confined by the biological membrane. The working of a molecular machine is presented using the example of F 0 F 1 ATPase, and the general conditions necessary for the coordination of a large number of functional units are described.
INTRODUCTION
Historically, biological systems have been described based on knowledge gathered using methodologies originating from early physicochemical sciences [1, 2] . In general, all processes occurring in biological systems have been treated as those taking place in the diluted and homogeneous aqueous phases. Metabolic processes have been considered as a series of events, which can be characterized using the methodology of reductionism. Specifically it has been assumed that protein characterized in isolation has the same properties as in its native environment. In this approach it was also assumed that a large number of molecular devices are coordinated by concentrations of their substrates and/or products. Consequently each biological system has been treated as a uniform and diluted mixture of molecules dissolved in a functionally passive water phase bordered by a biological membrane. Such assumptions resulted in the situation where most information currently available on any molecular object has been derived following extraction from its native molecular environment. Naturally, such information has very limited value for the understanding of the object's performance in its biological context [3] [4] [5] . The experimental capability for labeling and tracking of single macromolecules in their natural environment changed the traditional perception of biological systems and revealed the complex architecture of intracellular space, the extent of molecular crowding and the directional dynamics of molecular ensembles [6] [7] [8] [9] [10] [11] . Since the spatial and functional structuring of the biological space needs to be maintained and continuously adjusted to changing external conditions, continuous fluxes of information, matter and energy combined with feedback loops are required. In reality each flux consists of a series of transformations mediated by macromolecular systems. Such transformations combined with the system dynamics makes the intertwining and coupling of different fluxes possible. These transformations and couplings are facilitated by a set of specialized proteins, which are organized into an elaborate network of interactions and interdependences. These proteins require instructions, based on which they are constructed, energy which fuels their working, and structural flexibility which enables them to perform their tasks along with organized space required for execution and coordination of a large number of directional processes (Fig. 1) . The coordinated workings of a large number of molecular devices (proteins), supported by structured and limited space, constitute an autonomous biological system with the capacity to evolve [12, 13] . This review paper presents a new perception of biological systems based on concepts developed and implemented in the last decades, which are based on a mechanistic understanding of functioning of molecular devices.
TRANSFORMATION OF INFORMATION
Transformation of information has been qualitatively formulated as the central dogma of biology, which states that the genetic information encoded in the deoxyribonucleic acid (DNA) molecule is transferred to the ribonucleic acid (RNA) information carrier. Next, sorted and adjusted RNA material produces the package of "digital" information, messenger RNA (mRNA), ready to be translated into the "text file" -a protein primary structure [15, 16] . The final product of the transformation of information, the primary structure, requires further processing to acquire the biological meaning. The protein needs to be folded and the resulting flexible functional units distributed within the volume of the biological system and, finally, functionally coordinated with other cellular devices. The last two steps of the transformation of information into a functional unit (protein machine) cannot be described based on the genetic information alone. This is because the functional protein needs to be adjusted to a specific level of activity performed in a timely manner and at the exact location. The coordination of various molecular devices within the biological system is maintained with chemical, electrical and mechanical signals [17] [18] [19] .
TRANSFORMATION OF ENERGY
The maintenance of the non-uniform distribution of matter and information within the cell volume requires continuous fluxes of energy, so the active transport, which facilitates directional movement of matter, is ensured. The storage and distribution of energy in biological systems rely on two forms: the membrane electrochemical potential differences which power membraneassociated devices, and water soluble energy carriers which fuel cytosolic devices. In cells both forms of energy are produced from the exogenous highenergy electrons. The continuous transformation of energy within the entire volume of a biological system is tightly coupled with the transformation of information and the mechanical adjustments of the molecular three-dimensional structure. Molecular machines are devices which make such transformation possible, and their coordination ensures that the transformation happens at a specific location, a specific time, and an appropriate rate, and will last for a sufficient period of time.
TRANSFORMATION OF STRUCTURE
The biological space is a highly ordered environment. It is bordered by biological membranes and spatially organized by mechanically balanced fibrous protein aggregates [9, 20, 21] . These structural features are formed thanks to the hydrophobic/hydrophilic balance of involved components and their propensity for aggregation/dissociation [22, 23] . Biological membranes and cytoskeleton are examples of such aggregates whose stability depends on the aqueous solubility of all their components [4, [24] [25] [26] [27] . Cellular matrix of fibrous structures is continuously rearranged by workings of molecular machines and a combination of polymerization and dissociation processes [28] [29] [30] . The delicate hydrophilic/hydrophobic balance of this extensive supramolecular threedimensional structure depends on both its molecular composition and properties of the aqueous phase (pH, ionic strength and ionic composition) [31, 32] . The intricate interdependence of various transformations (information and energy) taking place in mechanically balanced intracellular space are executed by coordinated action of molecular devices [33, 34] . They handle the genetic information, assist the protein folding process, and facilitate the transfer of information and matter in and out of the cell. They are also critical components of energy transformation and transduction processes, and finally they maintain the cellular architecture [27, 28, 33, [35] [36] [37] .
THE FUNCTIONING OF A MOLECULAR MACHINE
The molecular machine is an aggregate of flexible polymers (proteins) in which the energy dissipation is coupled with the change of its conformation. The combined effect of the conformation change and the spatial geometry of the biological system make the mechanical work delivered by molecular devices possible. Proteins, principal components of all molecular machines, are chemically stable thanks to the high-energy peptide bonds, but their threedimensional structures, stabilized by weak interactions and entropic processes, are flexible enough to perform their tasks. Both weak interactions and hydrophobic/hydrophilic balance are encoded in a sequence of spatially organized amino acid residues which can be considered as a kind of "text files". All known proteins' three-dimensional structures are listed in the Protein Data Bank (PDB). Based on this database, proteins can be arbitrarily classified into various functional groups:  proteins functioning outside cells, serving as tissue structuring elements or performing various physiological tasks, e.g. as carriers for hydrophobic components in the body fluids or elements of immunological systems used for recognition purposes (antibodies) or destroying targeted biological membranes (elements of the complement system);  proteins associated with the lipid bilayer serving as selective transducers and amplifiers of incoming signals, transporters of matter, whereas others are elements of active transport systems or membrane-associated energy transformation machineries,  proteins handling the genetic information, therefore forming aggregates with nucleic acids,  proteins forming functional aggregates in the cytoplasm which perform specific tasks (molecular machines),  structural proteins providing the special intracellular matrix (cytoskeleton) for metabolic processes. Whereas proteins outside the cell are usually passive elements, which do not require metabolic energy for functioning, the intracellular ones require a continuous supply of energy, dissipation of which is coupled with structural transformations (small changes of conformation at a single protein level or massive changes involving a large number of functional proteins). Molecular devices (machines) are the smallest, nanometer size, functional units able to perform specific tasks. The nanometer scale is important because all biologically relevant properties, including thermal fluctuations, mechanical deformations, and electrostatic interactions and covalent bond formation, are energetically equivalent. This makes the mechano-chemical coupling, which is a principal mechanism responsible for the directional active transport within the cell volume, possible [31, [38] [39] [40] . The formalism used for the description of macromolecular dynamics has been developed by Langevine and is dedicated to handle processes taking place in conditions where the Reynolds number is small [21, 26, 41] . This formalism describes the nano-objects' dynamics when thermal fluctuations make a significant contribution and the energy dissipates due to the environmental viscosity (Fig. 2) . The cyclical chemical reaction, hydrolysis of ATP, depends on ATP concentration S, the reaction free energy change ΔG and the reaction rate K(x) (equation (1)). The energy released in the ATP hydrolysis combined with the thermal energy is used to overcome the viscous force and perform the useful work. Equation (2) is the general Langevin equation, where ζ is the medium viscosity, µ(x,t) is the electrochemical potential, and f t (t) and F L are the "thermal force" and force required to move the load, respectively. Brownian ratchet (A) and power stroke modes (B) demonstrated in the example of active transport of polymer though biological membrane equipped with a specific and selective pore system such as TOM-TIM23 complexes in the inner mitochondrial membrane. The protein transfer is powered by the association with HSP70 family proteins residing in the lumen of endoplasmic reticulum (BiP) and in the matrix of mitochondria (mtHSP70) [43] .
coupled within a molecular device: the ATP hydrolysis and the conformation change. There are also two other energy fluxes: the energy dissipated by the viscous environment and the contribution of the thermal fluctuations, the unique feature of any molecular machine. The energy transformation process and the extent of the involvement of thermal fluctuations in the machine functioning are used to define molecular machine functioning modes (Fig. 3 ) [42, 43] . Power stroke machines drive the motion directly [42] . A striking example of such a device is the disassembly of a cytoskeletal network. Actin and tubulin fibers are ensembles of monomers containing high-energy molecules such as ATP or guanosine-5'-triphosphate (GTP). The hydrolysis of these high-energy components causes a monomer conformation change resulting in aggregate disintegration [17] . The process cannot be repeated again without previous reloading of monomers with highenergy molecules [9, 12, 17, 24, 27, 44] . A Brownian ratchet is a motor in which the motion is driven directly by thermal fluctuations and rectified, or biased, by chemical reactions. The Brownian ratchet device and its immediate vicinity can acquire more than one state. The first state is the one in which a molecular machine is exposed to a periodic, asymmetric potential field. Given enough time, the system reaches the local energy minimum. In the second state the potential is switched off and the system starts to dissipate until the potential is switched on again. The combination of the potential field duration and the field asymmetry produces a system where the location of the molecular ensemble evolves in time in a direction dependent on the spatial field asymmetry and duration [42, [45] [46] [47] . The mechano-chemical coupling requires that the molecular device is able to transmit mechanical strain from the place where ATP is hydrolyzed to a location where it can be used. Fig. 4 schematically presents the main features of a molecular machine design. The molecular machine needs to be associated with a periodic and asymmetric track able to generate a periodic field (a). The binding site of ATP (c) is mechanically coupled (d) with the location of the track-binding site (b). Molecular machines, performing their tasks in the cytoplasm, function thanks to the energy supplied by the ATP molecules. The hydrophilic ATP molecule is well suited for that purpose. Its low molecular weight enables it to diffuse freely throughout the crowded cellular space so the energy can be delivered to molecular devices wherever it is needed. The ATP stability in the cytoplasm is ensured by a large value of the activation energy. The lowering of this activation energy by association with a molecular device results in rapid release of energy stored in the phosphate bond. The ATP hydrolysis releases energy equivalent to about 16 kT, sufficient to overcome the thermal fluctuations of a typical nanostructure. Since the amount of energy delivered by a single ATP molecule is invariant, the only way the cell can control the energy availability is to adjust the rate of ATP production. This is because the quantity of available free energy depends on the system's distance from the thermodynamic equilibrium as described by equations (3) and (4):
ATP production is a process involving a series of energy transformations. The mitochondria inner volume is filled with enzymes which facilitate the flux of high-energy electrons. The energy released by the electron flux is accompanied by proton outflow from the inner mitochondrial compartment. The coupling between the electron and proton fluxes is schematically presented in Fig. 5 . Equation (5) summarizes the coupling between the oxidation/reduction processes with the generation of proton-motive force and membrane electrostatic potential difference.
The flux of high-energy electrons is coupled with generation of the protonmotive force (ΔG), which consists of the trans-membrane proton concentration and electrical potential (Δφ) differences (equation (6)). The coupling is possible thanks to the unperturbed flux of electrons through the spatial arrangement of immobile binding sites and hydrophobic coenzyme Q located within the core of the inner mitochondrial membrane. The crowded membrane proteins serve as scaffolds for electron binding sites forming a continuous chain of binding sites (separated by a distance smaller than 1.6 nm). The close proximity of electron binding sites ensures that the energy barriers between them are sufficiently low that the electron transfer is not a rate-limiting step. The necessary stability of membrane proteins' tertiary structures is maintained by their interaction with the lipid bilayer, preventing any dislocation within the molecular arrangement. The electron transfer between binding sites provides a sufficient amount of energy for structural alterations, which facilitate the outward proton flux. In the next stage the trans-membrane electrochemical potential difference, generated in the oxidation process, is used for ATP production [48] [49] [50] [51] [52] . Equation (7) summarizes the ATP synthesis process.
The transformation of the proton-motive force into the phosphate bond of ATP is executed by a complex of proteins organized in the functional structure called F 0 F 1 ATPase. The F 0 F 1 ATPase consists of two separable units: the membraneembedded F 0 and, positioned above F 0 in the inner-mitochondria compartment, the F 1 part (Fig. 6) . The F 0 consists of the circular rotor formed by 12-16 hairpinshape "c" proteins and the stator formed by an "a" unit. The elongated γ protein extends out of the F 0 unit and penetrates the F 1 cap formed of 7 proteins (3α, 3β and γ). The protein quaternary structure is mechanically stabilized by the "b" protein, which connects the stator with the F 1 cap (Fig. 6A) . The γ unit rotates inside the cap made of the α 3 β 3 complex with the frequency of up to 100 Hz. The direction of the rotation depends on the relative values of the free energy available from the proton-motive force and that from ATP [54] . The crystal structure of the F 1 part indicates that there are three catalytic sites at β-α interfaces, hosted primarily by the β unit. The upper portion of the β unit bends in the direction towards the γ unit, and the angle of bending depends on the molecule type present in the binding site. The sequence of the nucleotide-dependent bending and dissociation drives the γ rotation [53, 55] . The hydrophobic upper part of the γ unit and the hydrophobic portion of the β 3 α 3 cap form a "molecular bearing" reducing the dissipation of energy during rotation [56] . The ATP molecule binds through the process of "induced fit" where weak bonds are formed in a sequence [56] [57] [58] . Whereas in the course of γ rotation the α subunit is shifted slightly, without significant conformational alteration, the β structure is altered in such a way that its upper domain rotates with respect to its lower part, delivering the necessary energy to the binding site. The γ protein is bent sideway and in a forward direction so the conformations of α and β subunits are altered in two consecutive steps: the lower part earlier than the upper side [54, 59] . Part of the energy delivered to the β unit by γ rotation is stored in the form of bending energy of the underlying β-sheet system for later release. This molecular arrangement is able to produce three different conformation states: tight binding, loose binding, and empty states. At any given time, each binding site is in one of the three states, as illustrated in Fig. 6B . The ATP binding induces the conformation change of the β-subunit. Part of the released energy is delivered in the form of mechanical energy of the underlying β-sheet system. The tight binding is followed by ATP hydrolysis and P i ion release. The stored mechanical energy in the β-sheet system is finally used for ADP release from the binding site [58] [59] [60] . The rotation of the γ subunit within the F 1 part of the device is coupled with the rotation of the rotor of the F 0 part embedded in the membrane [61] . The F 0 part consists of two functional elements: the rotor and the stator. Both elements are embedded in the lipid bilayer of the mitochondria inner membrane. The rotation of the rotor is driven by the electrochemical potential difference stored across the inner mitochondrial membrane (the strength of the electric field involved is of the order of 50 x 10 6 V/m) [62, 63] . At the stator/rotor interface there are two half-channels, as schematically illustrated in Fig. 7 . Each of the half-channels faces the aqueous phase with different pH (proton concentrations). Between the two half-channels the positive charge is located, preventing direct charge transfer between half-channels [55] . The flux of protons down the electrochemical potential gradient powers the rotor rotation [55] . The rotor is built of a set of hairpin-shape "c" proteins spanning the membrane hydrophobic core. Each "c" protein has a single proton binding site located within the lipid bilayer hydrophobic core (Fig. 7A) . As a result, a ring of proton binding sites is formed (Fig. 7B) [55] . Such location of the proton binding sites prevents their protonation/de-protonation anywhere except at the mouth of half-channels. The combination of concentration-dependent protonation/de-protonation events, thermal fluctuations and unique structural features of the F 1 part couples the flux of protons with the generation of torque [55, 57] . Specifically, the proton from the half-channel with lower pH binds to the binding site facing the channel. The fluctuations of the rotor will result in the directional movement of the proton towards the hydrophobic core of the lipid bilayer. This is because only a protonated binding site can enter the hydrophobic region of the lipid bilayer. The movement of bound protons in the opposite direction is prevented by the positive charge positioned between the halfchannels (Fig. 7) . The proton dissociates only at the second half-channel facing the aqueous phase with low proton concentration. Since the probability of protonation/de-protonation of the binding site depends on the proton concentration in the half-channel, the resulting directional flow of protons is sustained by the proton concentration difference across the membrane [64] . from the half-channel exposed to the higher pH along the rotor with a series of proton binding sites down to the second half-channel exposed to the aqueous phase with lower proton concentration. Adopted from [3] .
Since the γ subunit mechanically connects the F 0 and F 1 parts, the rotation of the F 1 rotor, powered by the proton flux, is transmitted to the F 0 cap, where the three ATP binding sites are sequentially altered, producing three ATP molecules per rotation [2, 53, 57, [61] [62] [63] 65] . The elucidation of the F 0 F 1 ATPase required application of various experimental techniques, including atomic force microscopy imaging, crystallography, single molecule imaging, electron microscopy, and lab-on-the-chip technology, as well as construction of computational models [62, [66] [67] [68] [69] [70] . In the cell any molecular machine functions in a complex system of other devices and molecular structures. To maintain the coordination of large ensembles of molecular devices, both chemical and mechanical means of communication are used [13, 20, 72, 73] . Mechanical coordination is achieved by direct contact of macromolecules and/or transmitted via force transmission through the network of fibrous elements of the cytoskeleton [12, 33, 71] . Mechanical communication between molecular devices requires a certain level of molecular density. The high density of macromolecules in the cytoplasm (molecular crowding), in addition to ensuring the mechanical status of the cell, provides a means for the transmission of mechanical signals, alters the diffusion of small and medium size molecules, and limits the thermal fluctuations of larger compounds [20, 22, 31, 44, [73] [74] [75] [76] . The topology and mechanical status of the cell is maintained by the combination of interactions between various interfaces and special organization of fibrous cytoskeleton proteins. In the space confined by the plasma membrane, the high density of macromolecules, without uncontrolled spontaneous precipitation, is possible thanks to the delicate balance of hydration and thermal fluctuation by nonspecific and specific interactions between cellular components [5, 9, 21, 22, 25, 39, 40, 75] . Since large macromolecules cannot diffuse freely in the cytoplasm, any directional movement of intracellular structures is executed almost exclusively by means of an active transport whose directionality is possible thanks to the workings of molecular machines within the structured intracellular space [10, 13, 15, 77, 78] . However, there are experimental reports showing that the mass transport can occur inside the cell and between cells via membranous structures -nanotubes [27, 79, 80] . The molecular crowding and complex composition of the molecular system are necessary requirements for the functioning of any biological system, as postulated by Stuart Kauffman [81, 82] . An ensemble of macromolecules should be able, given proper environmental conditions, to spontaneously acquire the functional organization. Macromolecular ensembles in biological systems are in a state of dynamic instability [16, 27, 30, 31] . In order to preserve the spatial arrangement and density of macromolecules, the available volume needs to be restricted by an impermeable barrier -the biological membrane, which defines the cell volume [11, 75, 83, 84] . In summary, a viable biological system must consist of: instructions, executing devices (molecular machines -proteins and protein ensembles) and structural barriers, which define the space occupied by the system. Barriers ensure the necessary environmental conditions and spatial limitations that make a macromolecular crowding effect possible. Barriers are also used as energy storage devices facilitating transport processes. In order to maintain the topology of a biological system, the shape of membranous barriers is maintained by a network of structural proteins (cytoskeleton). The relative movements of cellular elements take place along these structural elements and are powered by molecular machines. The coordinated working of a large number of molecular machines is spectacularly demonstrated during mitosis, where the intracellular space is mechanically structured, the organelles and genetic material are mechanically separated, and finally the cell is mechanically divided. The concept of molecular machines simplified biological processes to issues that can be effectively tackled with tools developed in various fields of engineering sciences. For example, models and techniques typically used in material sciences, as well as mechanical and civil engineering, are adopted for construction of models describing cell functioning [33, 85, 86] .
